Abstract: This paper attempts to present a complete picture of the status quo and future trends of the development of rural household energy in China based on a literature review and a systems analysis. First, a comprehensive literature review was conducted from the perspectives of energy consumption, carbon emissions and pollutants, energy resources, energy technologies, and energy policies. The review revealed the complexities and dynamics of the current system of rural household energy in China, and several key issues were identified for further attention. These issues are further explored by a systems analysis based on the "Integrated strategy of Sustainable development objectives, Decision-making systems, Operation systems, and Physical systems" (I-SDOP) concept. Following this method, a complete picture of the market status and policy targets is presented, by mapping an energy Sankey diagram and by reviewing the behavior of the main players. The results indicate that synergy of various energies, technologies, and players, and a combination of flexible engineering schemes and policy designs, with adequate consideration of temporal variation and regional disparity, are key strategies to promote the sustainable development of rural household energy, especially the distributed utilization of renewable energy, in China.
Introduction
Energy poverty is still a worldwide issue, affecting 3 billion people who rely heavily on traditional fuels to meet their energy needs [1] , especially in rural areas [2] [3] [4] [5] . For rural energy [6, 7] , rural household energy is of great importance, since it is directly relevant to quality of life [8] . Rural household energy includes both commercial and non-commercial energy used for cooking, heating, cooling, hot water, lighting, appliances and others [9] . With a huge rural population of 589.7 million in 2016 [10] , China's solutions regarding rural household energy are a crucial reference for dealing with the global challenge of energy poverty. Moreover, this is related to multiple additional urgent issues originating from CO 2 emissions [8, 11, 12] , air pollution [13] [14] [15] [16] , energy efficiency, and the use of renewable energy. Thereby, the issues associated with rural household energy use in China urgently require solutions to ensure sustainable development.
Currently there are many different opinions regarding solutions for rural household energy use in China. This leaves decision makers in government and enterprises in a difficult and Table 1 . Some studies about rural energy consumption in China.
Data Source Published Year Studies
Regional field surveys Wang et al. [29] 2017 BECTU [9] Coal and biomass are still the predominant energy choice in rural areas of China. Using large scale micro-survey data, Hou et al. [26] found that in 2011, 60% of rural households adopted traditional biomass resources as their main fuel for cooking. Fan et al. [22] investigated the energy consumption of rural households in two undeveloped regions and found a high dependency in rural household energy on coal and biomass (firewood or straw). A field survey of rural households covering 31 provinces [27] revealed that in 2012, the predominant fuel for cooking was biomass (47.6%) in rural populations, and in terms of heating, coal (21.4%) and biomass (19.0%) were the main fuels used in rural households. This finding closely aligns with another field survey of 30 rural counties in 25 provinces [28] .
An obvious transition from non-commercial energy to commercial energy can be found in literature. Yao et al. [23] found that in [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] , energy consumption by rural households showed an obvious transition from non-commercial energy to commercial energy. Zhang and Guo [24] found that over 1991-2010, commercial energy consumption by rural households in China grew at a yearly rate of only 2.15%. However, energy consumption per capita increased by 89.21% during the same period. A study on Jiangsu Province [25] revealed that during 1995-2011, the increasing space energy efficiency effect and floor area were the main factors influencing energy demand growth in rural households.
A significant spatial divide in rural fuel choice can be observed in China. A recent field survey [29] investigated the energy consumption of 1440 rural households in 8 typical counties of 8 China's economic zones, and revealed significant differences across the various economic zones in energy consumption levels and the structure of rural households. One complete and recent data we found was in a report [9] based on a field survey of the energy consumption of rural residential buildings in 2014 of 21 provinces, and also in a former survey in 2006 of 24 provinces. This report revealed obvious spatial difference among provinces in terms rural energy use, especially between the northern and southern areas.
This literature indicates that energy consumption by rural households in China is changing dynamically, with sizable regional disparities. Although the total energy consumption of rural households is growing slowly, per capita energy consumption is increasing dramatically during rapid urbanization [30] . A transition from traditional energy, such as biomass and coal, to modern and commercial energy, such as electricity and LPG (liquefied petroleum gas), is happening widely. There are many factors influencing this transition, but the increasing income of rural households is certainly important. Meanwhile, we also found frequent data inconsistency in various research works.
Carbon Emissions and Air Pollution
CO 2 emissions in rural areas of China have increased significantly over time. It was calculated [7] that the total direct CO 2 emissions resulting from rural energy consumption nearly tripled in 1979-2008, whilst indirect emissions nearly quadrupled. Yao and Chen [23] reported that the total CO 2 emissions from rural household energy consumption increased significantly over [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] , with an annual growth rate of per capita CO 2 emissions nearly twice as fast as that for urban areas. A case study on a typical county in Shandong Province [11] over 1980-2009 identified the increasing income of rural households and changing lifestyles as the main driving forces increasing CO 2 emissions. A later study [31] found that space heating and cooling accounted for the largest proportion of emissions over 1996-2012. Liu et al. [8] proposed to shift to more efficient commercial energy, to commercialize biomass energy, and to improve the combustion efficiency of traditional biomass use. Li et al. [32] also suggested the full development and utilization of renewable energy as the key and effective solution.
Besides CO 2 emissions, rural household energy consumption, particularly the direct burning of solid fuels (coal and biomass) [33] also produces a lot of air pollution, posing a severe threat to the environment and rural residents' health. The inefficient combustion of coal and biomass in China contributed 30-50% of the total anthropogenic emissions of CO, fine particulate matter (PM 2.5 ), black carbon (BC), and polycyclic aromatic hydrocarbons (PAHs), and had significant adverse consequences for indoor and ambient air qualities [14] . The contributions are higher in less economically developed regions. The burning of agricultural crop residue, including open-field burning and burning as a household fuel, is a significant emission source of primary PM 2.5 and the gaseous precursors of secondary PM 2.5 in rural areas [34] . Rural households using solid fuel with low energy efficiency have lower levels of self-assessed health and a higher prevalence of respiratory diseases, especially for the female responsible for most of the cooking and for the children accompanying her [13] . In addition to administrative control measures from the government to forbid the open-field burning of crop residues, the integrated utilization of agricultural crop residue is suggested as another type of control measure [34] .
The above literatures reveal the seriousness of the problem of CO 2 emissions and air pollution from rural household energy consumption in China, and also the inconsistent opinions regarding solutions to reduce emissions.
Energy Resources
Biomass is a hot topic in the research of rural energy in China. An early study [35] estimated that, from 1995-2005, China produced 630 Mt of crop residue per year. The larger portions of the crop residues were used with low efficiency or wasted. Jiang et al. [36] used a GIS-based approach to derive the production of net available crop residues as about 505.5 Mt per year in 2009, with the bioenergy potential being about 253.7 Mtce. Meanwhile, the majority of the net available crop residues are concentrated in the two grain-producing areas, including the Huang-Huai-Hai region and the North-East Plain [36] . Qiu et al. [37] gave a higher estimation of China's total output of crop residues as 729 Mt in 2010, in which 147-334 Mt could be used for commercial energy production. Besides, Tang et al. [38] revealed the great resource potential of forestry residue in China.
Wind, solar, and small hydro are also promising energy resources, especially in the west of China. An early study [39] estimated the resource potential of small-scale wind and solar power to meet rural livelihood needs in Inner Mongolia, Xinjiang, and Qinghai. He and Kammen [40] estimated that China's annual wind generation could reach 2000 to 3500 TWh, and Xinjiang, West Inner Mongolia, East Inner Mongolia, Gansu (onshore wind), and Jiangsu (offshore wind) each have a potential capacity of more than 100 GW of wind power. For solar [41] , they estimated a potential of stationary solar capacity of 4700-39,300 GW and distributed solar of about 200 GW in China, while the stationary solar capacity is mostly located in north-western China in wide rural areas. For small hydro, Xu et al. [42] estimated there is still 60.8 GW of small hydropower that can be further exploited as compared to the year 2010, and Sichuan, Tibet, and Yunnan in the south-western China have the greatest potential.
Therefore, it can be concluded that there are abundant renewable energy resources in rural China that can be further exploited, especially biomass resources in the east and other renewable resources (wind, solar, and small hydro) in the west.
Energy Technologies
The technical choice of rural household energy is a research area full of diverse and controversial views, especially for rural heating and cooking.
Energy technologies of biomass utilization are the first focus, with much discussion on improvement of traditional biomass utilization technologies like Kang systems, and assessment of modern biomass utilization technologies, such as biogas and biomass solid fuels. An early study [43] doubted the sustainability of using alternative heating methods based on commercial energy to replace the traditional heating system based on biomass, Kang, in rural north China. Meanwhile, Zhai et al. [44, 45] pointed out that current Kang systems in rural China are inefficient and suggested improvements in the building envelope and the installation of room radiator water systems. For biogas, studies [46, 47] found that household biogas is not a sufficient tool to eliminate low-quality fuel use. Wang et al. [48] suggested that for future biogas development, medium-to-large biogas projects should be encouraged and the reduction of household biogas projects should be allowed to continue. Besides biogas, biomass solid fuels are researched [49, 50] , with conclusions that the economic performance of corn straw briquette fuel is better than that of corn straw pellet fuel, and further policy support is required to make them more competitive in the market.
In the discussion of other energy technologies excepting biomass utilization, the distributed use of solar energy is also a hot topic. Zhu and Chen [51] reviewed the development of passive solar houses over 1977-2012 in rural north China, and found that its application was widespread before 2000 but almost at a standstill after that, due to the lack of professional design and indoor air temperature prediction methods. Shan et al. [52] pointed out that the rapid development of solar heating systems in China encountered the problems of high initial cost, low average room temperatures, and excessive auxiliary energy consumption, and that integrated systems aided by other energy technologies should be encouraged.
Overall, most of the clean and renewable energy technologies have become mature and are ready for commercialization. Tian [53] pointed out that rural biogas, energy utilization of crop straw, firewood and coal-saving furnaces, stoves and the Kang system, and heat utilization from solar energy are technically mature. However, it is still difficult for China's government to decide which technology pathway should be prioritized for developing rural household energy.
Energy Policies
Energy policy is a noteworthy topic as a crucial support for the development of rural household energy in China, but most previous studies took rural energy as a whole. An early study [54] mentioned that, since the reform and opening-up, China's rural energy policies have gone through three stages, including: (1) to overcome the energy shortage during 1979-1995; (2) to provide for national energy security and energy supply diversification over 1996-2006; and (3) to mitigate and adapt to climate change since 2007. Many studies agreed and referred to this study.
The main barriers in the energy policies of rural China that were identified by previous studies include:
(1) First, there is an institutional problem caused by the urban-rural divided pattern of energy management due to a dual structure of urban and rural development in China, which resulted in a lack of attention paid to rural energy development [54, 55] . (2) Second, there is lack of coordination and consistency among various rural energy policies due to an incomplete policy system and a fragmented management system [12, 54, 55] . Central government's policy framework for the rural energy industry lacks a systematic and clear schedule, and the developmental targets for a rural energy industry can be changed easily by local governments, although initially they have been drafted by the central government of China [55] . (3) Third, there is a lack of innovation in regional renewable energy policies [56] , while rural areas are the main region for the distributed use of renewable energy. (4) Fourth, the government has worked for years on a rural building code system aimed at narrowing the energy efficiency gap between urban areas, but it is in the beginning phases [57] . (5) Finally, financial support for rural energy remains limited to government funds and subsidies as well as farmers' private investment, and high-cost rural energy projects can barely attract large commercial investment [55] .
For technology innovation policies, the main directions suggested by previous studies [12, [54] [55] [56] [57] include modern biomass energy, electricity from other renewable energy sources, and energy efficiency, and rural areas have become the focus in recent policy discussions to replace distributed coal burning [55, [58] [59] [60] . In general, there is lack of specific policy research on rural household energy, except that regarding building energy efficiency. Moreover, few studies can systematically integrate a bottom-up analysis of technology innovation into policy discussions focusing on rural household energy.
Summary
It can be concluded that there are few comprehensive studies published regarding a national strategy for the development of rural household energy in China. One of the main reasons for this is the lack of integration of various aspects, including energy resources, the environment, energy technologies, energy markets, and energy policies. Four questions are proposed for further study to identify comprehensive solutions of rural household energy in China, as follows:
(1) What's the actual situation and complete picture of the current energy systems? (2) What are the prioritized technology choices to improve the energy systems? (3) How can we realize and accelerate technology innovation based on market mechanisms? (4) How can we improve policy systems to support technology innovation?
The Chinese government has implemented some pilot projects to explore development pathways for rural household energy. According to our field survey, a large-scale biogas project supported by national finance has been implemented in Chifeng City, Inner Mongolia. The project utilizes straws collected by the company itself or local agents to produce biomethane and organic fertilizer, which will be sold to gas stations, local residents or public facilities. The biogas project runs well with good business model innovation. Another example is the promotion of flexible energy-saving stoves in a village of Chifeng City. Fuels like straw, livestock excrement, firewood and solid biofuels are available in the stoves for cooking and heating in rural households. The government provides sufficient policy and finance support. The enterprise takes charge of devices supply and installation, and technical services. Professional cooperatives are responsible for the collection, processing, production, and distribution of straw. This model will be further explored in other projects. However, these efforts are not enough to determine future pathway of rural household energy development in China. More research and exploration are still needed.
Methodology and Data
Although the aforementioned four questions can hardly be fully answered by one study, we attempt to present a complete picture of the status quo and future trends of the development of rural household energy in China, as a reference to solve the problems. A framework and procedures for systems analysis are developed to reveal the internal mechanisms of the underlying complex system with multi-objectives, multi-elements, and multi-agents.
The Integrated Strategy of Sustainable Development Objectives, Decision-Making Systems, Operation Systems, and Physical Systems (I-SDOP) Concept
The methodology of this study is based on the I-SDOP system concept, developed from previous systems analysis regarding strategic and policy issues for the development of national energy [17, 18, 61, 62] , oil [19] , coal [63] , NG (natural gas) [64] , iron ores [20] , and provincial energy [65] .The I-SDOP concept (as illustrated in Figure 1 ) generally describes complexities involved by strategic research on regional energy systems as follows:
(1) The whole system is composed of three sub-systems, including Decision-making systems, Operation systems, and Physical systems, and is constrained by Sustainable development objectives decided by the surroundings. (2) With pre-determined political wills respecting Sustainable development objectives, the Decision-making systems make strategic plans and policies, and propose demonstration projects to promote the Operation systems consciously pursuing the political will. (3) With specific market rules shaped by policies, the Operation systems give daily operations to the Physical systems, including research and development, construction, operations and maintenance, and retrofit and retirement, following the respective values and benefits of various operators (stakeholders) to reach a market equilibrium. (4) Decided by an energy balance, the Physical systems forms energy flows from energy sources through energy conversion to the end-use of energy, providing energy services to the Operation systems, and also generates environmental emissions that will impact the Sustainable development objectives. (5) The dynamics of the whole system are influenced by the behaviors of the three sub-systems and their interactions. Moreover, there is always more than one decision-maker, more than one market operator, and more than one technical stage in the Decision-making systems, Operation systems, and Physical systems, respectively.
Based on the above considerations, a systems analysis based on the I-SDOP concept can possibly realize a cross-disciplinary study taking into account both the system complexities of multi-objectives, multi-elements, and multi-agents.
Based on the above considerations, a systems analysis based on the I-SDOP concept can possibly realize a cross-disciplinary study taking into account both the system complexities of multiobjectives, multi-elements, and multi-agents. 
The Systems Analysis Methods
Although the I-SDOP concept is quite complex, in order to carry out a practical analysis based on available data, the method is limited to three steps as shown in Table 2 . The detailed introduction of systems analysis methods are as follows. Table 2 . Main content and methods of the three steps in the I-SDOP analysis.
Step The status of Physical systems is first explored by mapping an energy allocation Sankey diagram for China's rural household energy. Second, the behaviors of major market operators in the Operation systems and their impacts on the Physical systems are analyzed by statistical review. Finally, a brief summary is given to describe the dynamic evolution of the rural household energy market.
(1) The Energy Allocation Sankey Diagram 
Step Content Methods or Tools Results or Output The status of Physical systems is first explored by mapping an energy allocation Sankey diagram for China's rural household energy. Second, the behaviors of major market operators in the Operation systems and their impacts on the Physical systems are analyzed by statistical review. Finally, a brief summary is given to describe the dynamic evolution of the rural household energy market.
(1) The Energy Allocation Sankey Diagram
The Sankey diagram is a popular tool to graphically map energy flows, with various types of energy flows presented in different colors and with the width of each flow indicating energy quantities [66, 67] . This study integrates statistics from the NSB (national statistics bureau) [68] , the Ministry of Agriculture (MOA) [69] and National Bureau of Rural Division (NBRD) [70] , and survey data by the BECTU (Building Energy Research Center of Tsinghua University) [9] to decide the balance of rural household energy. To achieve energy balance, no energy loss is presented in the energy allocation Sankey diagram, in order to show the full responsibility of each sector for the total energy consumption. The main data used in the mapping are given in Tables 3 and 4 . Because of the complexity of the data sources, we explain all the data in Table 3 as follows:
1.
Mtce means million tonnes of coal equivalent. Tce is a popular energy unit in China. 1 tce equals 0.7 toe (tonne oil equivalnent).
2.
Standard quantities of coal counted by the NSB, NG, petroleum products, and the transformation factors of coal counted by the BECTU, electricity, firewood, crop residues, solid biofuels from crop residues, LPG, petroleum products and biogas refer to The market operators are classified into three groups: (1) Rural residents (farmers) are energy consumers, and their changing energy demands are studied by analyzing the influence of rural population, rural income, and rural lifestyles. (2) Energy suppliers involve centralized energy suppliers and end-use service providers. Centralized energy includes coal, petroleum products, natural gas (NG), centralized power, and centralized heating. End-use services mainly consist of (a) passive systems designed for energy conservation, such as building insulation, heat preservation and ventilation, (b) end-use energy devices, such as heating devices, cooking devices, and electric appliances, and (c) decentralized energy systems, such as distributed energy use of biomass, hydro, wind, solar, and geothermal, with energy resources produced in rural areas. The application status and development trends of various technologies about centralized energy and end-use services are respectively reviewed.
3.2.2.
Step 2: Defining Policy Targets (Sustainable Development Goals and Decision-Making Systems)
This step aims to recognize sustainable development goals, political will and strategic plans, so as to pinpoint the long-term goals, mid-term objectives, and near-term targets.
First, the origins of sustainable development, its introduction in China, and the main goals of energy for sustainable development in China are reviewed. With some discussion of the rural household energy situation in China, the sustainable development goals of rural household energy are concluded as long-term policy targets.
Second, to understand political will and mid-term objectives, we discuss the requirements of China's "Two Centenary Goals" for the development of rural household energy. Then, we summarize political will related to rural household energy by reviewing the 18th and 19th Reports of the National Congress of the Communist Party of China (CPC).
Finally, to understand near-term targets, we review the main planning targets of rural and energy development. The information sources include a series of annual Central Documents No. 1 over the past few years, the 13th Five-Year-Plan (FYP) of Energy Development, and the 13th FYP of Renewable Energy Development.
Step 3: Proposing Strategic Suggestions (Integrated Strategy)
Based on the aforementioned analysis, this step proposes top-down strategic suggestions regarding the development of rural household energy according to the I-SDOP concept, from the Sustainable development goals, the Decision-making systems, to the Operation systems and the Physical systems.
Results and Discussion

Market Status
The Energy Structure of Rural Households
The Sankey diagram in Figure 2 shows the structure of rural household energy in China, with the following conclusions:
(1) From the perspective of energy sources, coal (37.1%), biomass (26.2%), and electricity (25.8%) are the main sources of rural household energy. The total amount of rural coal consumption (around 200 Mt) is within the accepted level when compared with other studies. There is a consensus about the underestimation of actual coal consumption in rural China, especially in northern China [9, 28, 59, 71] . (2) From the perspective of energy distribution, coal is mainly used for heating (64.2%), while biomass (97.0% traditional) is more used for cooking (51.8%). Electricity is used for other residential needs, and electric appliances consume most of the rural electricity [9] . Other commercial energy, such as liquefied petroleum gas (LPG), NG, and biogas, are mainly used for cooking. Solar energy is used for heating or cooking in the form of solar heaters, solar cookers, and solar houses. (3) From the perspective of energy end-use, heating (35.4%) and cooking (33.1%) are the two main end-uses of rural household energy consumption, together accounting for 68.5%. This finding is lower than the 86% (43.66% for cooking and 42.27% for heating) estimated by Zhou et al. [72] in 2005, and the difference might be explained by rapid electricity demand increase. In more detail, heating for the north, heating for the south, cooking for the north, and cooking for the south respectively represent 27.7%, 7.6%, 18.3%, and 11.7% of total energy consumption.
In summary, rural household energy supply in China mainly comes from coal, biomass, and electricity. Cleaner fossil energy (such as NG) and renewable energy (such as solar) are relatively minor. The energy consumption of rural households is mainly in heating and cooking, which are still overly dependent on coal and biomass, far behind the level of urban households (88% choose clean fuels such as NG, electricity, and LPG for cooking [26] ). 
Energy Demand of Rural Households
In recent decades, China's rural economy has undergone rapid development, accompanied by substantial and profound changes in rural lifestyles and a gradual transition in residential energy use patterns with the urbanization process [9, 73] . Accordingly, energy demand in rural China has been greatly influenced by changes in rural population, income, and lifestyles.
(1) Rural Population From 2000 to 2015, China's rural population has decreased while urban population increased, as shown in Figure 3 [6] . The urbanization rate of China is likely to reach 60% in 2020 [16] and 77% in 2050 [74] . Therefore, the reduction of rural population will play a major role in decreasing the rural energy consumption, which is consistent with another study [24] . (2) Rural income Figure 4 shows a slight growth in the per capita agricultural energy consumption and a rapid growth in the per capita residential energy consumption in rural areas. A similar conclusion with previous studies [7, [22] [23] [24] 30] can be made, that income increase is a critical factor in the growth of rural household energy consumption, which may offset the population effect of decreasing rural energy consumption. However, rural income is still much lower than urban income, which could 
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Population (in milllions)
Year
Rural population
Urban population urbanization rate (2) Rural income Figure 4 shows a slight growth in the per capita agricultural energy consumption and a rapid growth in the per capita residential energy consumption in rural areas. A similar conclusion with previous studies [7, [22] [23] [24] 30] can be made, that income increase is a critical factor in the growth of rural household energy consumption, which may offset the population effect of decreasing rural energy consumption. However, rural income is still much lower than urban income, which could greatly limit the realization of equitable energy services in rural and urban areas. Other researchers [22] also suggested that the higher rural income is, the more that versatility, convenience, and cleanliness are considered by individuals. Therefore, augmenting income is a key point to improve rural energy services and to optimize the energy structure [13, 18] .
greatly limit the realization of equitable energy services in rural and urban areas. Other researchers [22] also suggested that the higher rural income is, the more that versatility, convenience, and cleanliness are considered by individuals. Therefore, augmenting income is a key point to improve rural energy services and to optimize the energy structure [13, 18] . 
(3) Lifestyles
Relatively sparse and distributed rural populations make decentralized single-household residences the dominant type of residences in rural China, with the following characteristics: (1) dispersed locations; (2) small in scale; (3) limited building heating load (for space heating and domestic hot water); and (4) available space around the houses [75] . In general, these typical characteristics are advantages for a distributed energy supply. On the other hand, with the rapid process of urbanization, rural land circulation and centralized residence for rural residents are becoming more and more common in some regions, such as in Chongqing City [76] . The centralized residence trend may further propagate, further increasing per capita residential energy consumption and enhancing requirements for clean and convenient energy services in rural areas. In the future, several forms of rural residences, such as decentralized single houses, small communities, and contiguous centralized residences are likely to coexist, which will require higher diversification and flexibility for rural energy utilization.
Centralized Energy Supply for Rural Households (1) Coal
Although coal consumption by rural households may not increase significantly or even gradually decline with coal substitution in some rural areas like rural Beijing [77] , it is hard for it to be completely replaced because of the advantages of low cost [9] and secured supply (66% of China's total primary energy consumption comes from coal in 2015 [78] ). Therefore, clean and quality coal utilization will still play a major role in rural household energy use, especially in coal producing areas.
(2) Petroleum Products and Natural Gas (NG)
Because of easy transport, as well as better cleanliness and convenience than coal, petroleum products (especially LPG) and NG have seen increased deployment in the rural areas of China, with consumption of petroleum products from 9.4 Mt in 2010 [79] to 18.6 Mt in 2015 [78] , and consumption of NG from 68 million cum in 2010 [79] to 143 million cum in 2015 [78] . Foreseeably, with the expansion of NG and its substitution for LPG in urban areas, LPG will become more available and more popular in rural areas. However, higher supply requirements for affordability and large investments for pipe networks make NG utilization still far from universal in rural areas. 
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Because of easy transport, as well as better cleanliness and convenience than coal, petroleum products (especially LPG) and NG have seen increased deployment in the rural areas of China, with consumption of petroleum products from 9.4 Mt in 2010 [79] to 18.6 Mt in 2015 [78] , and consumption of NG from 68 million cum in 2010 [79] to 143 million cum in 2015 [78] . Foreseeably, with the expansion of NG and its substitution for LPG in urban areas, LPG will become more available and more popular in rural areas. However, higher supply requirements for affordability and large investments for pipe networks make NG utilization still far from universal in rural areas.
(3) Centralized Power
Although full coverage of electricity supply all across China had been achieved by the end of 2015 [80] , the rural power grid is encountering new challenges, with rapid growth of the rural electricity load. Problems like service interruptions, power surges, and equipment overloads happen frequently [28] . A new round of rural power grid reconstruction and upgrade projects from 2016 to 2020 [81] is in progress, after which, a more sufficient, stable and universal rural power supply can be expected.
(4) Centralized Heating
Besides large-scale thermal power plants or heating boilers, centralized heating also requires costly heating pipelines and centralized heat consumers. Therefore, most rural areas are not currently suitable for centralized heating supply. With the popularity of centralized residences in some rural areas, centralized heating might become a good choice for centralized residences in the future.
End-Use Services in Rural Household Energy (1) Passive Systems
Passive energy-conservation design (e.g., better wall insulation and fenestration, passive solar houses [82] ) is particularly significant for improving the thermal performance and comfort of rural residences. However, energy conservation retrofits for rural residences have just started and are making slow progress, mostly in economically developed zones or key development zones. Only 1.176 million rural households have implemented energy-conservation retrofits as of 2015 [83] . Passive energy-conservation design and retrofits need to further expand in rural areas, with increasing policy support to overcome problems of organization and financing [84] .
(2) Heating devices At present, firewood and coal are still the primary energy sources for active rural heating, which makes stoves essential for pollutant control. Retrofit projects of efficient and clean burning stoves to control coal burning pollution in rural areas have been carried out in regions like Hebei province [85] . More efficient and clean stoves need further promotion for universal energy efficiency increase and effective pollutant control in rural areas.
(3) Cooking Devices
Coal and biomass are still the predominant fuel sources for cooking in rural China. Thus, upgrading and replacing existing stoves for coal, firewood, and crop straw is a more practical technical choice in the transitional period for most rural areas. Besides, rural cooking fuels are transitioning to clean sources such as electricity and LPG due to increasing accessibility and affordability [13] . In the long run, electricity and fuel gas (NG, LPG, and biogas, etc.) might become the main energy source for cooking, especially for regions with good economic conditions like the Yangtze River Delta zone, and the south-west region where hydropower is abundant. On the whole, technology choices for rural cooking have shown a trend toward diversification and cleanliness.
(4) Electric Appliances
Electric appliances have become more and more efficient and affordable in rural areas. Energy consumption for rural lighting decreased by 50% from 2004 to 2014 due to technical progress [9] . Household appliance usage increases with rural income improvement and changes in the concept of consumption. Furthermore, the policy support for rural home appliances [86] has made color televisions, washing machines, refrigerators, etc. become increasingly affordable for rural residents since 2008. Therefore, it is expected that the use of electric appliances will progressively increase in rural areas for a long time.
(5) Distributed Energy Systems
Most distributed renewable systems, such as distributed power supply systems, distributed co-generation systems for heat and power, and hot water and heating systems are technically mature, but still face challenges from high costs, inherent instability, or inadequate convenience. A new pathway to promote the synergic utilization of various distributed energy with advanced information technologies is gaining popularity. Future trends in rural areas mainly include: (1) the utilization of solar energy incorporating electricity, clean coal, NG, solid densified biofuels, and so on for cooking, heating and hot water; (2) the development of micro-grids that integrate a set of micro sources such as micro-turbines, fuel cells, PV (photovoltaic) arrays, wind turbines, and storage systems to lower investment costs, improve power quality, and enhance control flexibility [87, 88] ; and (3) the combination of information technologies such as cloud computing, the internet of things, and big data with rural energy development for more efficient management [89] .
Dynamic Evolution of the Rural Household Energy Market
The dynamics of rural household energy system result from interactions and gaming by energy consumers, centralized energy suppliers, and end-use service suppliers. Overall, three evolutionary stages of the rural household energy market can be summarized according to results of the above analysis and literature review [12, 54, 55] , as shown in Figure 5 . Most distributed renewable systems, such as distributed power supply systems, distributed cogeneration systems for heat and power, and hot water and heating systems are technically mature, but still face challenges from high costs, inherent instability, or inadequate convenience. A new pathway to promote the synergic utilization of various distributed energy with advanced information technologies is gaining popularity. Future trends in rural areas mainly include: (1) the utilization of solar energy incorporating electricity, clean coal, NG, solid densified biofuels, and so on for cooking, heating and hot water; (2) the development of micro-grids that integrate a set of micro sources such as micro-turbines, fuel cells, PV (photovoltaic) arrays, wind turbines, and storage systems to lower investment costs, improve power quality, and enhance control flexibility [87, 88] ; and (3) the combination of information technologies such as cloud computing, the internet of things, and big data with rural energy development for more efficient management [89] .
The dynamics of rural household energy system result from interactions and gaming by energy consumers, centralized energy suppliers, and end-use service suppliers. Overall, three evolutionary stages of the rural household energy market can be summarized according to results of the above analysis and literature review [12, 54, 55] , as shown in Figure 5 . (1) Early stage of self-sufficiency: farmers dominated the market as both energy suppliers and demanders, resulting in a biomass-dominant rural energy structure and persistent rural poverty. Energy supply is insufficient and energy use is inconvenient at this stage, but a minor environmental influence enabled rural areas to maintain a healthy environment. (2) Middle stage of centralized energy supply: centralized energy suppliers become prominent in the market. A heavy use of both coal and biomass can be observed at this stage. However, accompanying problems are widespread, such as air pollution and greenhouse gas emission. End-use services is a limited role for lack of professional services. Currently, the development of rural household energy in China remains at this stage. (3) Preferred stage of multi-energy synergy: end-use service suppliers, centralized energy suppliers and farmers together positively influence the rural energy market. Synergy of various energy types and energy technologies became universal at this stage. Different forms of synergistic systems, combined with advanced information technologies, will enable the rural household energy system to be more modern, smarter, cleaner, and lower in carbon, so as to achieve equitable energy services in both rural and urban areas. This is a sustainable development path worth exploring. (1) Early stage of self-sufficiency: farmers dominated the market as both energy suppliers and demanders, resulting in a biomass-dominant rural energy structure and persistent rural poverty. Energy supply is insufficient and energy use is inconvenient at this stage, but a minor environmental influence enabled rural areas to maintain a healthy environment. (2) Middle stage of centralized energy supply: centralized energy suppliers become prominent in the market. A heavy use of both coal and biomass can be observed at this stage. However, accompanying problems are widespread, such as air pollution and greenhouse gas emission. End-use services is a limited role for lack of professional services. Currently, the development of rural household energy in China remains at this stage. (3) Preferred stage of multi-energy synergy: end-use service suppliers, centralized energy suppliers and farmers together positively influence the rural energy market. Synergy of various energy types and energy technologies became universal at this stage. Different forms of synergistic systems, combined with advanced information technologies, will enable the rural household energy system to be more modern, smarter, cleaner, and lower in carbon, so as to achieve equitable energy services in both rural and urban areas. This is a sustainable development path worth exploring.
Policy Targets
Sustainable Development Goals
The concept of sustainable development has been accepted worldwide since 1987 [90] . In 1992, Agenda 21 [91] , a non-binding, voluntarily implemented action plan of the United Nations with regard to sustainable development, was officially approved. In 1994, the Chinese government released China's Agenda 21 [92] to officially agree on sustainable development. A representative view [93] derived from China's Agenda 21 in literature is that China's energy strategies are required, at the earliest opportunity, to fulfill four key objectives: (1) to meet the power needed for economic growth; (2) to ensure energy supply security; (3) to guarantee the protection of public health and the environment; and (4) to achieve an equitable distribution of energy services throughout the nation. These principles can mostly adapt to the sustainable development of rural areas.
However, with undeveloped economies and lagging infrastructures, rural China is still widely hindered by energy poverty. Priority must be given to addressing energy poverty for rural sustainable development. Thus, we conclude that the constraining principles of rural energy sustainable development are: (1) energy security, defined as the ability of rural households to rely on a constant energy supply; (2) energy equity, meaning the ability of rural households to acquire adequate energy service, comparable to that in urban areas; and (3) ensuring human safety and environmental protection, hardly any health impact and environmental pollution from rural energy utilization.
Political Will
China's political will is both shaped by external and internal must-do missions. For external requirements, China submitted China's Intended Nationally Determined Contributions (INDC) [94] in 2015, promising to achieve the peaking of CO 2 emissions around 2030. Therefore, there should be no drastic increase in carbon emissions from rural household energy utilization. For internal aspirations, China has defined the "Two Centenary Goals" since the 18th National Congress of the CPC in 2012 [95] . Two political goals on rural energy can be extracted specifically from the "Two Centenary Goals". One is about a revolution in energy production and consumption [95, 96] and the other is rural development [94] [95] [96] . It is stressed that "Issues relating to agriculture, rural areas, and rural people are fundamental to China as they directly concern our country's stability and our people's wellbeing" [96] . Nevertheless, the two political targets are relatively separated from one another, resulting in insufficient attention towards rural energy development in policy making.
Strategic Plans
Rural development and energy development have always garnered high attention in official plans. Despite that, plans for rural development and energy development have been largely separately formulated.
Resolving the "Three-agro Issues" (agriculture, rural areas and farmers) has always been considered as the first priority among the priorities of the CPC. The Chinese government released a series of Central Documents No. 1 about the "Three-agro Issues" at the beginning of each year from 1982 to 1986, then since 2004 [97] . The No. 1 documents from 2004 to 2011 pay more attention to rural income improvement and rural infrastructure construction, while the themes from 2012 to 2017 remains the modernization of agriculture. Rural power grid reconstruction and upgrading, small hydropower, small wind power, small PV power, and rural biogas have also been mentioned many times, but no systematic plan for rural energy development can be found in the annual plans for rural development.
Under the direction of the political will on energy revolution, the Chinese government has also made general deployment in the FYPs and other plans to carry out the revolution in energy production and consumption. In the 12th FYP for Energy Development [98] , an implementation of energy livelihood projects is formulated, including speeding up the construction of rural power grids, vigorously developing rural renewable energy, and improving the basic service systems of rural energy. The 13th FYP for Energy Development [99] attaches importance to achieving the development of energy sharing, which involves enhancing the residential energy infrastructure, accurately implementing energy poverty alleviation projects, improving the level of universal energy services, and vigorously developing rural clean energy. The planning focuses have shifted from energy infrastructure construction to energy service improvement, with consistent persistency for rural clean energy development. However, according to the 13th FYP for Building Energy Conservation and Green Building Development [82] , the focus of this plan is still mainly building energy conservation in town areas, with less mention of energy conservation for rural residences.
In summary, in current political will and planning targets, rural energy issues have not been fully considered, as rural development and energy development are disconnected in the plans. This leads to an absence of clear policy targets for rural energy development. Additionally, policy implementation is mainly from top-down and through pilot projects [39] , indicating a lack of sufficient support for possible initiatives in the market.
Strategic Integration
According to the above analysis, the development of rural household energy in China must follow the sustainable development goals to build a clean, low-carbon, and smart energy system, which can provide widespread energy services for rural households that are convenient, economical, and high-quality.
To realize these high-level goals, the policy targets of rural and energy planning must be better coordinated. In policy-making and planning related to the "Three-agro Issues", systematic plans for the development of rural energy, especially rural household energy, are urgently required. On the other hand, in energy planning, there is an emergent need to give more prominence to rural household energy. More importantly, the two must be closely linked. To this end, innovative mechanisms are desperately needed to break the currently fragmented administration.
Following such policy targets, a new system of technology innovation in market operations is required to facilitate a smooth transition to the stage of multi-energy synergy. The key is to combine various forms of energy technologies with advanced system integration and information technologies, enabling household energy utilization in rural areas to be more modern, smarter, cleaner, and lower in carbon. An equal participation of the three main market operators, including farmers, centralized energy suppliers, and end-use service suppliers, is urgently required to build a new system of technology innovation to realize a strong synergy among them. Corresponding policies must be enacted to enable their equal participation based on market mechanisms.
To realize multi-energy synergy in rural areas, key technical routes include: (1) giving priority to energy conservation. First, passive energy-conservation designs or retrofits of rural residences must be widely promoted. Second, the efficiency of active energy use from the aspect of energy supply, conversion, and end-use must be further improved. (2) Continuously optimizing the three main incumbent energy sources. Coal can still play a role for rural cooking and heating if better quality and cleanliness is ensured. Electricity will become increasingly significant as rural power grid reconstruction and upgrading continue to improve power supply capacity and reliability. Biomass should be used more in modern approaches to reduce pollution and increase efficiency. (3) Developing a certain amount of expedient alternative energy, such as LPG and NG, where conditions permit. (4) Actively developing desirable energy for sustainable development in the future. The development of solar thermal utilization, distributed generation, micro-grids, etc. in rural areas must be encouraged. The problems of rural household energy will not be readily solved by any single energy or technology, but will benefit gradually from the synergy of multiple energies and technologies.
Moreover, as it is difficult to solve the problem of rural household energy in various regions with one standardized approach, engineering and policy design must adequately consider local conditions. This will require greater flexibility in project construction and policy making for rural household energy. Thus, it is vital to encourage spontaneous innovation in difference regions, and to avoid one-size-fits-all thinking of technology promotion under the traditional thinking of large-industry management and vertical management systems. The careful planning and management of the life cycle of investment projects according to the regional characteristics is also an important measure to prevent the waste of construction energy consumption and avoid the corresponding carbon emissions [100] .
Conclusions and Suggestions
This manuscript presents a complete picture of the status quo and future trends in the development of rural household energy in China, according to a literature review and a systems analysis based on the I-SDOP concept. The main focused points of the study are the actual energy mix, prioritized technology choices, and the innovation required in market operations and governmental policies. The main conclusions are as follows:
(1) Currently, rural household energy is dominated by coal, biomass, and electricity from the centralized power grid, and mostly consumed for cooking, heating, and household appliances. Meanwhile, an obvious transformation from non-commercial energy to commercial energy can be found during the rapid urbanization process in China. (2) Confronted with challenges of low energy efficiency, environmental pollution and CO 2 emissions, a pathway of multi-energy synergy should be adopted for the sustainable development of rural household energy. Synthetic use of both passive and active energy systems, by utilizing various energies such as coal, biomass and renewable energy, can better fit rural household energy development in China. (3) The key is to promote bottom-up regional innovation of rural household energy development according to local conditions, especially innovation in financing and business models for stakeholders to collaborate and to promote profitability. (4) Policy-making must make clear targets by coordinating rural development and energy development, so as to support regional innovation of multi-energy synergy as a whole.
Moreover, successful experiences of rural energy development in other countries are also worth learning from. For example, business model innovation of farm-produced biogas in an agricultural network of Sweden is emphasized [101] . A wind park in a town of Germany was designed in a way that would involve investors, local citizens and local council to form a community of interest [102] . Overall, most researchers, especially those in western countries, argue that renewable energy is preferable in rural areas or remote communities. For instance, more than 100 German communities and regions have committed to target 100% renewable energy supply [103] . However, synergy of both fossil energy (especially coal) and renewable energy is more feasible for the rural areas of China, since China has different resource endowment and development conditions.
In the next step, several issues are suggested for further study on the development of rural household energy in China: (1) the development of an authorized database to eliminate data discrepancies; (2) a study of appropriate market mechanisms and policy instruments for multi-energy synergy; (3) the design and optimization of a system of schemes of multi-energy synergy according to temporal and regional variations. 
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